regime) of the heaviest (slowest) ions through the field-free region. The system allows the accumulation of thousands of mass spectra per second. Quasi-simultaneous detection of all masses originates from an extremely low time difference (nanoseconds regime) between adjacent masses.
A brief overview of the application of TOF-MS for analytical purposes is presented in the paper. The paper focuses on the use of TOF-MS analyzers for combination with an ICP ion source.
ICP-MS is a well-established technique for elemental analysis. Since its introduction in 1980, 5 ICP-MS has been widely used for the determination of low concentrations of the elements in a wide range of applications. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] The technique offers excellent detection limits, a multi-element capability, selectivity, a possibility to evaluate isotopic ratios and a high sample throughput. Most ICP-MS spectrometers are equipped with scanning-mode quadrupole analyzers that can monitor only one mass/charge (m/z) at a given time period. The total time required for a measurement is proportional to the number of isotopes determined. The limitations in elemental coverage when measuring rapid transient signals and limited precision, particularly for isotope ratios, are direct consequences of the scanning mode employed. A trade-off between the mass range that can be covered and the detection limits (DLs) or precision of the results is necessary.
In 1993, Myers and Hieftje described the successful combination of an ICP ion source with time-of-flight mass spectrometry for simultaneous multi-elemental analysis. 16 The event was the beginning of extensive research on the technique in atomic spectroscopy. The new technique offers a substantial improvement in the figures of merit of ICP-MS with widely used quadrupole mass filters, particularly when the detection of rapid transient signals and high precision of the results are required. The spectral acquisition speed of TOF-MS analyzers exceeds that of a quadrupole by at least two orders of magnitude.
The applications of the ICP-TOF-MS technique in elemental analysis are reviewed in this paper. The number of such applications is substantially smaller compared to the quadrupole ICP-MS due to a later introduction of the technique and, particularly of commercial ICP-TOF-MS instruments (1998).
An Overview of Analytical Applications of TOF-MS Analyzers
Time-of-flight mass spectrometry design was first reported in 1948. 17 The low resolution of the described system, reflecting in the low discrimination between the analytes (Hg + , Hg 2+ and Hg 3+ ions), did not reveal the attractiveness of the technique. Instruments offering a resolution above 50 and 100 were described in 1953 18 and 1955, 1 respectively. The latter is generally reported as the first TOF-MS of practical significance. However, a still too low resolution of the technique limited its wider application in the 1950's and 1960's.
Substantial broadening of the use of TOF-MS analyzers took place after the development of the mass reflectron by Mamyrin et al. in 1973. 19,20 The reflectron consists of electrostatic ion mirror refocusing and reflecting the ions back to the detector surface. The use of reflectron results in extending the drift length and in providing a nearly constant flight time for ions with equal m/z by a correction of the spatial and kinetic energy spread. Higher energy ions pass the flight tube faster, but spend more time in the reflectron while less energetic ions passing more slowly spend less time in the reflectron. Thus, ions of the same m/z arrive at the detector together. Increasing the resolution is the key to success of the application of reflectron. Mamyrin et al. presented the first mass spectrum with a resolution R50% ∼5000 for rhenium bromide. 19 The concept of TOF reflectron, characteristics and illustrations of its latter applications have recently been reviewed. 4 A lack of technologies to facilitate the recording and the processing the mass spectrum in the time-frame of interest was, however, a significant shortcoming in the rapid and widespread use of the technique. Recent technological progress in fast digital electronics, microchannel plate and electron multiplier focal plane ion detectors, and computers has substantially supported a renaissance of the TOF-MS technique and the development of advanced instruments.
During the last two decades TOF-MS has reappeared as a mass analyzer particularly suitable for combination with new ionization techniques developed, such as laser desorption and matrix-assisted laser desorption/ionization (MALDI), electrospray ionization, glow discharge and inductively coupled plasma. 16, 21, 22 The ability of TOF-MS to provide a complete mass spectrum for each ionization event and unlimited mass range has turned the attention of the mass spectrometry community for its exceptional suitability for the detection of rapid, concentration variable transient signals and for studies of large biological molecules. Exploitation of the technique, particularly in biological research, has rapidly grown up. 23 Most of the interest in TOF-MS can be attributed to the introduction of the MALDI technique for the analysis of bioorganic compounds in the mass range above 10000 daltons (Da). [24] [25] [26] MALDI allows the conversion of large biomolecules (with molecular masses up to 1000000 Da) into intact, isolated ionized species in the gas phase. Desorption and ionization (by proton transfer between excited matrix and analyte molecule) occur under a treatment of the sample with a pulsed laser beam (commonly N2, 337 nm) with the pulse widths typically in the range of 1 -100 ns. The combination of MALDI with TOF-MS turned out to be ideal, owing to pulsed ion production by the laser, a high duty cycle and the unlimited mass range covered. MALDI TOF-MS has rapidly become a powerful tool for biochemists, molecular biologists, biotechnology and the polymer industry. The strength of the technique has been discussed in numerous papers published in the last decade. The technique is very sensitive. It allows the determination of low (atto-and femtomole levels) quantities with an accuracy of 0.1 -0.01%. The main characteristics and applications of MALDI TOF-MS have been presented in some review articles. [27] [28] [29] [30] [31] [32] [33] [34] [35] Recent works dealing with the use of the technique to the identification and structural analysis of various compounds can be mentioned. [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] Coupling of MALDI with liquid chromatography, capillary electrophoresis (CE) and gel chromatography is a way to extend its applicability. 32, [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] The possibility to attain the sensitivity of physical limits (a few atoms or molecules) by laser-assisted reflectron TOF-MS has been stated. 59 The precision of the detection and quantification of metal isotope ratios comparable to ICP-MS and thermal ionization mass spectrometry (TIMS) has been reported. 60 The Ca) , between the evaluated and the natural isotope ratios. Metal isotope ratios in atomic absorption standard solutions and in human serum samples have been examined. A laser-ionization (LI) TOF-MS method for the in-depth characterization of layered materials (Zn coated steel) has been developed. 61, 62 Different laser ion sources for TOF-MS have been described. 63 Great attention has been paid to the combination of TOF-MS with continuous ionization sources, such as electrospray, chemical ionization and atmospheric pressure ionization source for analysis of biological compounds. 64, 65 The electrospray ionization technique developed in late 1980's by Fenn et al. 66, 67 for transforming intact complex biomolecules from solutions to ions in a vacuum has found to have the widest applications. The ESI-TOF-MS technique has been considered to be particularly suitable for the analysis of large species of biological interest and the determination of various organic compounds. [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] A combination of ESI with an ion storage TOF-MS was proposed as a feasible method for a rapid determination of low and high molecular compounds. 68 The described instrument allowed the routine detection of low picomole and sub-picomole quantities of multiply charge molecules with improved resolution and duty cycle. A resolving power of over 1000 for both low-and high-mass ions has been achieved. The analysis of alkali metal salts, amino acids and metallocene samples has recently been described for the characterization of the orthogonal TOF-MS combination with an ESI source. 78 Heated capillary tube interface was used. The analysis of human hemoglobin by using a hybrid microchip nanospray device and TOF-MS has been described. 79 Inorganic and organic antimony compounds have been investigated by ESI-TOF-MS. 81 Electrospray TOF-MS has been found to be an excellent detector (analysis in the low femtomol range) for fast liquid chromatography 77, 82, 83 and capillary electrophoresis 70, 71, [73] [74] [75] [76] [77] 80 used for the identification and quantification of low and high molecular-weight species. The combination of electrospray-TOF-MS with on-line liquid chromatography for estimating the precision of the exact mass 84 Soon after the development of ESI-TOF-MS, a tandem (hybrid) technique incorporating a quadrupole as a first mass analyzer and orthogonal TOF-MS to record the product ions was developed. 85 The features, improvements in instrumentation and applicability of the tandem Q-TOF-MS technique have recently been discussed. 86 The quadrupole TOF-MS has found to be particularly suitable for coupling with ESI and MALDI.
A recent identification of low molecular selenocompounds in yeast 83 and an investigation of the fragmentation of cyclic peptides belonging to the polymyxin and colistin antibiotics 87 can serve as examples of the application of a tandem ESI-Q-TOF-MS system.
The characteristics of commercially available ESI-TOF single-and tandem-MS instruments have been given. 88 A miniaturized orthogonal TOF-MS equipped with an ESI source and rf quadrupole ion guide has recently been designed. 89 Successful coupling of the instrument to automated gas chromatograph for the detection of some organic compounds has been reported.
In 1991, a TOF-MS was coupled to an atmospheric-pressure ionization source. 90 A corona discharge was used to produce ions at ambient pressure. A mass resolution of approx. 500 for protonated dimethyl methyl phosphonate dimer ions (m/z = 249) was reported. The factors affecting the sensitivity and mass range were discussed.
Time-of-flight mass spectrometry has been successfully coupled with glow discharge for the trace elemental analysis of solid samples. [91] [92] [93] Myers et al. 91 developed a radio-frequency GD-TOF mass spectrometer by simple modifications of the interface to an ICP-TOF-MS, previously described. 16 Similar to ICP-TOF-MS, DLs were reported using the same ion optics. They were in the range of 1.0 (Al) -17 (Ti) µg g -1 for two examined standard materials: INCONEL B-7050 (40 -75 mass range examined) and Naval Brass C SRM-1107 (100 -125 mass range examined). Recently, the GD-TOF-MS system has been developed by the exchange of an ICP source in a commercial ICP-TOF-MS (LECO Renaissance) with a GD source. [94] [95] [96] The applicability of the system to a direct depth analysis of flat solid samples has been examined using certified reference materials (31X-B7-H and 33X-GM7, both of MBH Analytical LTD.) containing Cu, Zn, Pb, Al, Sn, Ag and Bi over a wide range of concentrations (<0.01 -85.5%) as cathodes. 95 An increase of the GD-TOF-MS sensitivity by an order of magnitude was obtained by using two opposite gas inlets in the chamber in order to obtain a better sampled plasma as compared with the use of one gas inlet: reducing the distance between the skimmer cone of the TOF-MS interface and the sample from 12 mm to 5.5 mm, and by the use of a skimmer cone with an orifice of 0.7 mm instead of the 1 mm commercial one. A mass resolution power (full width at half maximum (fwhm)) of 2800 and 1700 for 207 Pb in the digital and analog detection mode, respectively, has been reported. 96 A microsecond-pulsed GD-TOF-MS was evaluated for elemental analysis. 92, 93 The mass spectra show significant advantages. Higher signal-to-noise ratios than those of a dc GD source and a resolving power of 360 in a linear mode and 1600 in a reflectron mode (fwhm) were obtained. 93 A deflection system consisting of two parallel plates for ion ejection and two sleeve plates (after the deflection plates) has been proposed for minimizing the detector response to large ion currents originating from plasma gas and matrix ions. 97 A reduction of those ion intensities by several orders of magnitude was possible. Gating the detector by lowering the voltage of the microchannel plates is also efficient to eliminate plasma gas and matrix ion peaks. A tandem GD microwave induced plasma (MIP) ion source for combination with TOF-MS for elemental analysis has been constructed. 98 The incorporation of an MIP device provides an enhancement in the signal intensities of Cu and Zn isotopes by a factor of 3 -4 as compared with the use a GD source only.
Time-of-flight mass spectrometry is becoming the method of choice for chromatographic techniques that require fast detectors. The benefits of TOF-MS analyzers for specific GC-MS applications have been discussed. 99 The possibility to remove the scan speed as the limiting factor in the optimization of sensitivity, accuracy and dynamic range has been emphasized. Instrumentation and data system developments for GC-TOF-MS have been reviewed. 100 The capabilities of TOF-MS detectors for fast GC analysis have been investigated. 101, 102 The coupling of TOF-MS with comprehensive two-dimentional separation of the analytes (organophoshorus pesticides, triazine herbicides and polycyclic aromatic hydrocarbons) results in a unique their three-dimentional separation. 102 The identification of 50 components in lime oil samples and 25 components in lemon oil samples by using GC-TOF-MS has been described. 103 The analysis of proteins is an example of the use of on-line capillary HPLC, electrochromatography and capillary electrophoresis coupled with ion-trap reflectron TOF-MS. 104, 105 TOF-MS has recently been effectively combined with HPLC for the determination of pesticides in environmental water samples. 106 The use of ESI-TOF-MS detectors for HPLC and CE is mentioned above.
The applicability of time-of-flight mass spectrometry for the real-time analysis of individual aerosol particles (inorganic salts, organic species and ambient particulate matter) has been examined. 107, 108 Time-of-flight secondary ion mass spectrometry (SIMS), incorporating a pulsed Cs + primary ion source, provides a method for the characterization of the elemental composition of automotive paints. 109 Distinguishing among paints of the same color produced by different manufacturers was possible. TOF-SIMS (using high spatialresolution Ga + ion beams) has been used for the isotopic characterization of small features, such as particles. 110 Isotopic measurements of Si, Mg and Al in SiC and MgAl2O4 particles have been performed.
Comprehensive reviews discussing the basic principles of TOF-MS detectors, instrumentation and applications have been published. [111] [112] [113] [114] [115] [116] [117] [118] Coupling of TOF-MS to a plasma source by Bendix workers 119 is reported as the first concept of the ICP-TOF-MS system. A significant interest in the application of the technique in the atomic spectroscopy field emerged after Myers and Hieftje reported on the design and analytical characteristics of the ICP-TOF-MS instrument. 16 A rapid development of the technique has occurred since that event. Exceptional attributes of ICP-TOF-MS, such as high speed of data acquisition, an ability to obtain a full elemental analysis in a time-frame suited to a transient inlet system and significantly better, as compared with widely used quadrupole ICP-MS, the precision of the measurements generate increasing interest in the technique. The ICP-TOF-MS has been successfully coupled to LA, [120] [121] [122] [123] [124] [125] [126] ETV, 127 GC, [128] [129] [130] [131] [132] liquid chromatography, 133, 134 CE 135, 136 and FIA. [137] [138] [139] [140] [141] Detailed reviews of the development and analytical performance of TOF-MS combined with ICP ion source have been presented. [142] [143] [144] [145] Attempts to couple TOF-MS to a microwave induced plasma (MIP) for elemental analysis have also been described.
ICP-TOF-MS Instruments
Extensive research on the development of ICP-TOF-MS instruments aiming to improve the analytical performance (resolving power, sensitivity, duty cycle, background reduction, detection etc.) has been conducted since the first report of Myers and Hieftje. 16 Great activity in a successful coupling of laboratory constructed instruments with various sample introduction systems has been undertaken. A discussion of instrumental development in the technique is beyond the scope of this review. Only a brief description of a commercial LECO Renaissance, USA, instrument of a wide commercial distribution, is given below. For being familiar with a range of technical arrangements in ICP-TOF-MS the reader is referred to some excellent review papers discussing the subject in detail. [143] [144] [145] [148] [149] [150] [151] [152] [153] Two concepts of ion gating: an-axial (linear) and orthogonal, are characteristic for the ICP-TOF-MS instruments developed. In an-axial configuration the drift tube of the TOF-MS is in line with the supersonic beam extracted from the plasma. In the orthogonal instrument the drift tube is perpendicular to the supersonic beam. The performance of both arrangements was considered by Myers and Hiefje in their first report on the ICP-TOF-MS device, and was discussed in later publications. 16, [143] [144] [145] [148] [149] [150] [151] [152] [153] Commercially available ICP-TOF-MS instruments (the LECO Renaissance, USA, and the GBC Optimass8000, Australia) use different settings of plasma source and TOF-MS analyzers: anaxial (LECO) and an orthogonal (GBC). A detailed summary of those instruments is available. 154 Analytical characteristics of an orthogonal 155 and of an-axial ICP-TOF-MS 156,157 instruments have been presented.
A schematic diagram of the ICP-TOF-MS (LECO Renaissance) instrument is shown in Fig. 1 . The basic elements of the instrument are: (1) a peristaltic pump delivering a flow rate of 1 ml min -1 ; (2) a Meinhard pneumatic nebulizer and (3) a spray chamber (Wu-Hieftje FAST); (4) a plasma torch (Fassel type) for generating a continuous ion beam, (5) an ion transmission system including a sampler and skimmer cones (made of Ni with aperture diameter of 0.9 and 0.5 mm, respectively), (6) ion extraction lenses (Ion Lens 1 and Ion Lens 2), (7) an ion optical array to position, repel and accelerate the ion beam segments in a modulated fashion; (8) an ion mirror (a reflectron) and (9) a discrete dynode multiplier detector (ACTIVE FILM, AF831H Model, ETP Sciences, SGE, Inc.).
The ion beam produced in a conventional ICP torch and neutral gas are extracted through a sampler into the first vacuum chamber of 2 -3 Torr pressure. A skimmer cone having a 0.5 mm hole aligned with the sampler orifice is located 7 mm behind the sampler. Both the sampler and skimmer cones are maintained at ground potential. The expanding gas from the ICP is sub-sampled through the skimmer orifice into the second-stage vacuum region of 10 -3 Torr. Consecutive ion optic devices (Ion Lens 1 and Ion Lens 2) serve to focus the positive ion beam along the narrow path and transport ions into the entrance to the mass analyzer. The recommended potential operating of both of them is in the range from -800 V to -1000 V (Ion Lens 1) and from -500 V to -900 V (Ion Lens 2). They must be optimized depending on the mass determined. Ion Lens 1 is located in the second-stage vacuum region. Ion Lens 2 is the first optics in the third stage of the vacuum (10 -6 Torr). It sends ions into the modulation region of the instrument. The pressure in particular vacuum chambers is pumped down by a rotary vane pump (first stage) and turbo molecular pumps (second and third stage). The modulation optics is a cylinder responsible for selecting a 1.5 cm long (discrete) ion packet (segment) from a continuous stream for acceleration into the drift region of the mass analyzer. Cutting an ion beam into required packets is accomplished by switching the negative potential (from -80 to -150 V, optimized value) applied to the modulation optics to a positive one (100 V, fixed value). The ions are transmitted into the acceleration region of TOF-MS at a negative voltage. At a positive potential, the ions are prevented from entering the region. The ions selected by the modulation optics enter the acceleration region in front of the repeller electrode. The pulse of a positive voltage (1000 V for 1 µs, fixed values) applied to a repeller electrode and dc acceleration result in the ions setting at the same final kinetic energy. Accelerated ions enter the flight tube (of 0.5 m flight path) and pass through focusing and steering optics (X, Y-Steering (opimized value)), Einzel Lens 1 and Einzel Lens 2 (-1400 V and -850 V, respectively; can be optimized). The optics serve to increase the ions transmission through the flight tube to the opposite end where an ion mirror is placed for refocusing and reflecting back the ions towards the detector. Two electrodes (reflectron low (200 V, fixed value) and reflectron high (1500 -1600 V, optimized for the given flight tube and repeller potentials)) define two reflecting fields that reflect ions back to the detector surface. A discrete dynode electron multiplier detector is located above the ion optics, opposite the ion mirror. The detector serves to convert ions exiting the flight tube into electrons with gains of up to 10000000. This permits simultaneous pulse counting and analog signal detection. The detector voltage (applied value from -1800 V to -2700 V range) controls the high voltage over the first dynode. Three grids are located in front of the ion detector. A positive voltage (500 V) applied to the middle grid is used to reduce the number of lowenergy background ions striking the detector surface (to discriminate low-energy ion noise). The instrument is equipped with a dual rf generator that generates frequencies of 27.12 and 40.68 MHz.
An additional device, called a Transverse Rejection Ion Pulse (TRIP), is used in the instrument to avoid detector overload by plasma gas and matrix ions passing by an ion gate. This is usually accomplished by applying a high-voltage pulse imposed at the time to the ion beam.
The instrument software offers 2000 measurement bins of 2 ns each distributed over the mass range for peak-area integration. In the default mode 30 consecutive bins (60 ns) are used to cover each isotope peak. This means that 66 isotopes can be simultaneously measured. for peak integration under the default mode. A manual change in the width of the spectral window (the number of bins used) is possible. The use of a wider spectral window did not provide any significant differences in the precision and accuracy for isotopic ratios of Li, Mg, Rb, Pt and Pb (reference materials have been examined). The resolution (at high masses) of ICP-TOF-MS instruments of approximately 2000 (fwhm) has been reported. 143 The resolution is adequate to ease resolving heavy isotopes differing in mass by 1 amu and differing in abundance by several orders of magnitude. The performance features of the instruments differ for different, an-axial and orthogonal, settings of flight axis and the incoming ion beam.
For laboratory-built instruments resolving powers of 2000 and 1400; DLs of 0.3 -10 ppt and 0.9 -10 ppt; isotope ratio precision of 0.056% and 0.02% RSD; and repetition rate of 17000 and 25000 spectra s -1 were evaluated for orthogonal and an-axis geometry, respectively. 144 On-line TOF-MS offers advantages in massindependent steering, low angular divergence, small ion beam dimensions and high transmission efficiency. Simplicity of beam modulation and better resolution are the advantages of orthogonal instruments.
For the GBC Optimass8000 instrument, the reported resolution ranges from approximately 500 for 6 Li to at least 2200 for 238 U. 155 The resolving power decreases towards low masses being, however, considerably higher than that observed for quadrupole systems. A resolution >415 at 10% peak hight for Pb and Bi (100 ng ml -1 ) using the LECO Renaissance instrument was reported. The resolving power depends on the initial velocity spread and spatial distribution of the ion packet along the flight axis.
The modulation of the ion beam results in poorer quality by as much as one order of magnitude sensitivity and the detection limits as compared with the quadrupole ICP-MS. Quadrupole systems hold an advantage in duty cycle-100% at a single mass versus about 10% in the ICP-TOF-MS instruments. A comparison of typical DLs offered by an-axial ICP-TOF-MS instrument (LECO Renaissance) and a quadrupole ICP-MS under various (normal, hot and cool) plasma conditions was presented. 156 The performance of a water-jacketed spray chamber attached to an LECO Renaissance instrument in order to reduce the amount of water vapor introduced into the plasma stream has been investigated. 159 Water vapor provides oxygen that can react with the analytes with the formation of oxides and hydroxides.
These compounds can generate important interference in ICP-MS detection of element signals. Cooling the spray chamber leads to reduced water vapor transport to the plasma. The shift in analyte signals in response to the different spray chamber temperatures (in 4 -30˚C range) has been examined. The experiments have shown, however, that the same background, sensitivity, detection limits, polyatomic and doubly charged ions have been obtained regardless to the spray chamber temperatures when a corresponding change in the nebulizer gas flow has been made to optimize the sensitivity.
The analytical performance of the orthogonal plasma source TOF-MS equipped with an rf hexapole ion guide replacing the static ion optics has been examined. 160 The use of a hexapole ion gate allows to produce a collimated ion beam having a low and well defined axis energy that is virtually independent of its initial state. The described collision cell consisted of stainlesssteel rods (20 cm long, 3.175 mm diameter) positioned between the second and third vacuum stages of the mass spectrometer. Pressurization of the cell with an inert (buffer) gas (helium or hydrogen) results in reduction of translation energy of ion beam's owing to repeated collisions with buffer gas. At low flow rates (∼5 ml min -1 ) of hydrogen introduced into the collision cell more than 80% argon signal can be reduced. Strong effects of the operating frequency of an ion gate, rf voltage applied to the rods and collision gas density on the signal ( 7 Li + , 56 Fe + , 59 Co + , 63 Cu + , 107 Ag + and 208 Pb + examined) levels have been reported. An improvement in the resolving power of the modified instrument (2915), as compared with that equipped with static ion optics (1510), has been achieved. Detection limits were similar (0.4 -2 ng ml -1 ) for both arrangements. The system with a hexapole ion guide provides a slightly better (5.4%) precision (peak height measurement) as compared with that of static optics (7.3%).
Analytical figures of merit of ICP-TOF-MS employing conventional nebulizer-spray chamber can be improved by using a direct injection high efficiency nebulizer (DIHEN) as a microliter (1 -100 µl min -1 ) solution introduction system. 161 A direct-injection high-efficiency nebulizer provides lower absolute DLs, greater sensitivity and better precision than a conventional nebulizer-spray chamber arrangement. The increase in the signal intensity by nearly a factor 2 as compared with the conventional nebulizer-spray chamber, and precision less than 0.6% (10 s integration time) have been reported. Analytical performance of the system at 27 and 40 MHz rf generator frequency and under normal and cool plasma conditions has been evaluated. The detection limits and precision comparable at both frequencies, and sensitivity by a factor 2 higher at 27 MHz compared to 40 MHz, were reported. The benefits of DIHEN-ICP-TOF-MS for fast transient analysis have been demonstrated for Sn and Cr isotopes in human lung fibroblast cells.
Applications of ICP-TOF-MS Technique in Elemental Analysis
The applicability of ICP-TOF-MS to elemental analysis using various laboratory-built and commercial instruments has been extensively examined. The technique has been found to be particularly suitable for the detection of short transient signals Laser ablation is a widely used technique for the analysis of solid samples. In systems employing ICP-MS detectors, particles and/or vapor produced by the interaction of the laser beam with the sample are transported by a carrier gas flow into the plasma. 162 The generated ions are extracted through a vacuum interface and detected by the analyzer used. Signals produced in the LA are of a half-width from less than 1 s up to several seconds, depending on the carrier gas flow rate and the dimensions of the ablation cell and transport tube.
The analytical capabilities of LA-ICP-TOF-MS for multielement and isotopic analysis have been examined. [120] [121] [122] [123] [124] [125] [126] A detection limit of 10 ppb for lead in a cast-iron standard has been reported from integration of a 0.3 s transient signal generated by a single laser pulse. 120 The opimization of various ICP-TOF-MS parameters for laser-induced aerosols and for the analysis of tin-rich fluid inclusions has been described. 121 The developed method allows the simultaneous detection of 63 isotopes with the DLs within the 1 -100 µg g -1 range for an 80 µm crater diameter. The method has been applied to the analysis of a reference material (SRM 610, NIST). The potential of LA-ICP-TOF-MS as a complementary technique for the fast depth determination of various coatings in the lowto-medium µm region has been demonstrated in the analysis of different single-layer titanium based coatings on steel and tungsten carbides. 123 The benefits of combining the LA with the ICP-TOF-MS have been demonstrated in the multi-elemental analysis of lubricating oils. 125 Good agreements were obtained for Na, Mg, Al, Ti, Cr, Fe, Ni, Co, Cu, Ag and Pb by using both LA and conventional systems employing sample decomposition steps. The precision (evaluated for each element present in a multi-element standard oil solution containing 300 ng g -1 of each of 11 investigated elements) was around 6% (2 -9% range). At least a four orders of magnitude wider dynamic range, as compared with pneumatic nebulization of aqueous solutions, has been achieved in the case of lead being the most sensitive element. The sensitivity was, however, approximately 40-times lower. The analysis of a certified reference material (SRM 1634b, NIST) showed good accuracy for all determined elements. A single shot LA-ICP-TOF-MS coupled with cluster analysis has been successfully used for the rapid identification of alloy samples. 126 The identification of 33 metal alloys was performed based on the results for 15 elements. Eighteen standards were used to validate the results. The success rate was greater than 96%. The ability to analyze small and irregularly shaped materials by using a single laser pulse has been presented. Some of the examined samples weighed less than one milligram and were smaller than 500 µm at their longest dimension.
Electrothermal vaporization provides an interesting sample introduction system owing to generation the volatile (atomic or molecular) species that can be directly introduced to the plasma for ionization. In some systems the application of ETV with the appropriate temperature program can allow to separate the analyte from the matrix and to reduce both molecular and atomic isobaric interferences in mass spectrometric detection. A few seconds duration of an ETV signal and fluctuations caused by the volatilization process provide difficulties in successful coupling of the device with a quadrupole ICP-MS. The performance of the ICP-TOF-MS instrument for transient signals generated by an ETV source has been characterized. 127 A dynamic range of at least 6 orders of magnitude and DLs of 10 -80 femtogram have been achieved in the analysis of a solution containing 34 elements.
The attractiveness of ICP-TOF-MS detectors for transient concentration variable signals produced by high speed chromatographic techniques has been confirmed in a speciation analysis of various organometallic (tin, lead) and volatile tin and antimony compounds (GC [128] [129] [130] [131] [132] ), and metalloproteins (HPLC [132] [133] [134] ). Low femtogram DLs and a dynamic range of greater than six orders of magnitude have been reported. The application of fast data-acquisition rates enables the use of small scan windows and a reduction of significant changes in the measured intensity with small changes in time.
The effect of the integration time on the profile of the GCtetramethyllead (TML) peak recorded by ICP-TOF-MS has been investigated. 129 Well-shaped peaks and the best signal-tonoise ratio were obtained for 102 ms integration time. Various organolead compounds were detected using capillary and multicapillary GC coupled to ICP-TOF-MS with DL of 10 -15 femtogram (as Pb) and 93 -95% recovery. The benefits of using a capillary GC ICP-TOF-MS for the detection of volatile components of gaseous samples (tin and antimony compounds) in terms of accuracy and precision have been considered. 130 The RSD of 0.34% for Me2SnH2 and of 0.4 -0.5% for the other species determined were reported. Analytical performance of a LECO Renaissance ICP-TOF-MS instrument for the detection of tetramethyltin (TMT), tetraethyltin (TET) and tetraethyllead (TEL) separated by gas chromatography has been evaluated. 128 DLs at low femtogram levels (14, 11 and 8 fg for TMT, TET and TEL, respectively) were reported. A precision of 2.88% (RSD) was calculated for 1 s gas chromatographic peaks of tetramethyltin. The signals have been measured using 100 ms integration time. The combined analog and ion counting detection systems produced a dynamic range for all analytes greater than six orders of magnitude.
The analytical performance of ICP-TOF-MS, electron ionization mass spectrometry and microwave induced plasma-atomic emission spectrometry (MIP-AES) as GC detectors for organolead speciation has been overviewed. 131 Similar sensitivity and precision were reported for GC-ICP-TOF-MS and GC-MIP-AES techniques. The ability to detect organolead species below 2 pg ml -1 in rain water was presented. Inductively coupled plasma TOF-MS has been coupled to size-exclusion (SEC) and anion-exchange chromatography for the speciation of trace elements in biological materials, metalloproteins in mussels 133 and in fish (carp) cytosols. 134 Investigations of metals (Al, Cu, Cd, Zn, V, Cr, Sn, U, Ag, Hg, Pb, Sb, Co, Mn, Mo and Ni) associated with metallothioneins like proteins in mussels provide the example of multi-element speciation with ICP-TOF-MS in a single chromatographic run (SEC followed by fast protein liquid chromatography (FPLC)). 133 Speciation of ultra-trace metals (16 isotopes) associated with the metallothioneins fractions in carp cytosol by SEC coupled to ICP-TOF-MS using a minute volume of the samples has been described. 134 The method allows one to investigate the distribution of heavy metals (Cd, Zn and Cu) among different size fractions of liver and kidney cytosols of carp. The examination of the rabbit liver MT was presented and the DLs in the range of 19.9 ± 0.5 pg ( 114 Cd) -158 ± 7 pg ( 66 Zn) were reported.
The applicability of ICP-TOF-MS for the detection of narrow transient peaks (with a full width at half maximum of 0.9 -5.7 s) generated by CE has been studied. 135 The fast electrophoretic separation (shorter than 70 s) of a mixture of several negatively charged species, three arsenic anions and two cobalt-cyanide complexes in the presence of other anions and metal-cyanide complexes of Ni(II), V(IV), Cu(II) and Cr(VI) was achieved. The applied 20 kHz spectral generation rate of TOF-MS 984 ANALYTICAL SCIENCES JULY 2003, VOL. 19 allowed the collection of over 80 average mass spectral data points during a CE peak of approximately 1 s in duration. This made it possible to eliminate the effect of spectral skew. Peaks produced by CE were detected with good precision (2 -4% RSD) and sensitivity (1 -20 pg for 20 nl injected sample volume). The possibility to separate mass spectra of some metal species not electrophoretically resolved by ICP-TOF-MS has been emphasized. The capabilities of ICP-TOF-MS coupled with CE (and GC) for speciation analysis have been discussed. 136 The advantages of ICP-TOF-MS over sequential mass analyzers for fast transient detection and the simultaneous determination of a large number of isotopes in the flow injection (FI) peaks in trace metal analysis have been discussed. [137] [138] [139] [140] [141] The absence of spectral skew is highly appreciated. The applicability of a combined FI-hydride generation (HG)-ICP-TOF-MS system to the determination of As, Bi, Ge, Hg, Sb, Se and Sn in urine samples has been examined. 138 No spectral skew was observed when monitoring 12 isotopes simultaneously in an FI peak of about 10 s width (50% height). Detection limits in the low pg ml -1 , linearity over more than five orders of magnitude, repeatability of 2 -5% and recoveries better than 80% were attained. Results for certified urine sample (SRM 2670, NIST) are given. A fully automated FIknotted reactor (KR) on-line sorption/preconcentration system coupled to ICP-TOF-MS was developed for the ultra-trace determination of Cu, Ni, Sb, Co, Ag, Cd, Mo, In and Pb in biological and environmental samples. 137 The analytes were collected and preconcentrated on the walls of the KR after complexation with ammonium pyrrolidine dithiocarbamate (APDC) from acidic solution. The analyte complexes were eluted by methanol and introduced to the plasma by ultrasonic nebulization (with membrane desolvation). The 500 ms integration time was used to attain the best signal-to-noise ratio. The DL in the range 0.5 ng l -1 (Sb) -26 ng l -1 (Pb) and precision better than 5% were reported.
Four certified reference materials: a synthetic freshwater (SRM 1643d, NIST), a natural filtered coastal water (CASS-3, NRCC) and two biological materials (CRM 422 Cod muscle, BCR and CRM 278R Mussel tissue, BCR) were examined. A flow injection-KR system combined with ICP-TOF-MS has been used for the determination of ultra-traces of rare earth elements (REE) in environmental waters. 139 The complexes of the analytes with 1-phenyl-3-methyl-4-benzoylpyrazol-5-one were examined. The DLs in the range 3 -40 pg l -1 and 5% RSD were reported. The use of gradient dilution flow injection systems has been recommended for the identification of matrix effects and the reduction of interferences in FI-ICP-TOF-MS analysis. 140 Simultaneous ion extraction and full elemental coverage in ICP-TOF-MS provide significant improvement in the isotope ratio precision as compared with other mass spectrometric techniques. The great potential of ICP-TOF-MS for isotope ratios evaluation has been demonstrated. 158, [163] [164] [165] [166] [167] The performance of an axial LECO instrument for isotope ratios of Cu, Zn, Sr, Ag, Ba and Pb evaluation using multi-elemental standard solution and concentrations in the range 50 -500 µg l -1 has been studied. 164 An analog detection signal was recorded. The obtained isotope ratio precision was similar to, or even better than, the best values ever reported for quadrupole instruments. Significant (by a factor ∼8) improvement in the isotope ratios precision (RSD for 10 successive measurements) with an increase of the acquisition time per replicate from 0.5 to 30 s has been observed. Longer than 30 s integration times did not lead to a further improvement in the precision. An increase in the signal intensities (concentration levels) also resulted in an improved isotope ratio precision. Isotope ratio precisions of ≤0.05% RSD were typical for an acquisition time of 30 s per replicate and an elemental concentrations of 500 µg l -1 . The ability to obtain such precision for many ratios simultaneously makes the ICP-TOF-MS technique particularly attractive. Similar experimental RSD (<0.05%) has been reported for isotope ratios of Li, Mg, Rh, Pt and Pb evaluated with the same type of instrument. 158 Isotopic reference materials were examined. The analog mode (for concentrations above 10 ng ml -1 ) has also been recommended for better precision of the results. The application of ultrasonic nebulization allows the use of an analog mode down to 0.2 ng ml -1 . The 0.2 -0.9% RSD has been reported for the ion-counting mode (the signals measured for 7 ng ml -1 ). Similarly to earlier results, the best precision was obtained for a 30 s integration time. The effects on the isotope ratios derived from changes in the instrumental parameters, such as the TRIP settings and the detector voltage, were evaluated. Studies of 25 Rb isotope ratios have shown that the ion deflection settings can affect the measured values close to the deflection window used. A narrow deflection window and its setting as far as possible from the m/z of interest is advantageous. Changes in the evaluated isotope ratios were observed for different concentrations when operating at low detector voltages. The worst non-linearity in the response of the analog mode has been observed for detector voltages and concentrations below 2700 V and 100 ng ml -1 , respectively. Measurement of the isotopic reference material at regular intervals has been considered necessary to correct for small variations in mass bias over time due to the moderate long-term stability of ratios. Isotope dilution measurement of magnesium and rubidium provided the results comparable with those from quadrupole ICP-MS and thermal ionization mass spectrometry.
The Pb. 166 A similar precision for both pairs of isotopes equal to 0.14 -2.7% for quadrupole ICP-MS, 0.04 -0.17% for ICP-TOF-MS and 0.01 -0.12% for MC ICP-MS has been reported. Worse results, similarly to earlier data 165 were obtained for 206 Pb/ 204 Pb isotope ratio (0.44 -5.29%, 0.15 -1.7% and 0.08 -1.6%, respectively).
A comparison between quadrupole (Hewlett-Packard HP-4500) and ICP-TOF-MS (LECO Renaissance) spectrometers for isotope ratio measurements in elemental speciation has recently been presented. 167 Multi-elemental measurements in typical speciation analysis of transient signals of different widths of half peak height: 26 s (similar to those obtained with HPLC separations); 8 s (alike to those obtained in fast HPLC separations); and 3.5 s (mimicking those obtained in CE separations) have been performed. The best precision (≤ 1%) was achieved using TOF-MS analyzer for more than 15 isotopes at concentration levels of over 10 ng ml -1 , measured in transient signals (3.5 s of fwhm). If less than 7 isotopes were detected, then a similar or even better precision using a quadrupole mass analyzer was attained. The isotope ratio accuracy was similar or better for ICP-TOF-MS, while DLs were 5 -20 times better by using Q ICP-MS. The authors considered the quadrupole ICP-MS as a standing up for speciation analysis due to seldom requirements for measuring a larger number of elements in a single chromatographic or electrophoretic peak being examined.
The determinations of trace and ultra-trace elements in wetdigested steel 168 and toxic elements in food-packaging materials 169 make the examples of direct application of ICP-TOF-MS technique in multi-elemental analysis. Nineteen elements (Ti, Zn, Ga, Nb, Sn, Sb, Te, La, Ce, Pr, Nd, Gd, Ta, Ir, Pt, Tl, Pb, Bi and U) at a few µg g -1 and sub-ng g -1 concentration levels were simultaneously detected (15 s analysis time) in wet-digested steel. 168 Chromium, cadmium and lead (at µg g -1 levels) in food-packaging materials with paper and paperboard matrices were detected directly in solutions obtained after digestion of the examined samples. 169 The applications of ICP-TOF-MS technique in elemental analysis are summarized in Table 1 .
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